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Introduction
Zinc oxide (ZnO) is a material of great interest exhibiting pigmental [1] , photocatalytic [2] , piezoelectric [3] , antibacterial [4] , or varistor [5] properties that have already been developed in many different fields of industry [6] . Still novel applications emerge in various domains but they often require the preliminary stabilization of a p-type ZnO, which is more difficult to achieve than that of the unintentionally doped n-type ZnO. In optoelectronics for instance, the high optical transparency of ZnO thin films coupled with their high electrical conductivity and their strong room temperature luminescence could indeed open up the door to great improvement of technologies such as flat panel displays [7] , light emitting diodes [8] or lasers [9] . In a previous study, we have reported the stabilization of p-type nitrogen doped zinc oxide nanoparticles with metal vacancies up to 15-20% (ZnO:N) obtained through the decomposition of zinc peroxide (ZnO 2 ) at low temperature under ammonia flow [10] . Moreover, we have recently demonstrated that the zinc vacancies segregate preferentially at the surface of the ZnO nanoparticles to form a pseudo core-shell structure built upon a stoichiometric zinc oxide core coated with a few angstroms thick Zn-free oxo-hydroxide shell [11] . These studies have to be extended for the realization of p-type ZnO thin films to achieve n-ZnO/p-ZnO:N homojonctions which would lead to various applications in optoelectronics.
In this work, we report on a simple colloidal approach to form 200 nm thick ZnO:N thin films by reacting ZnO 2 precursors with flowing ammonia at low temperature as illustrated on Figure 1 .
We will discuss on the synthesis of the ZnO, ZnO 2 and ZnO:N nanoparticles as well as the formation of the corresponding high quality thin films. Their structural and optical properties were investigated by means of ultraviolet-visible (UV-Vis) spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). 250°C for 30 min in order to obtain a slightly orange ZnO:N thin film.
Characterizations

Powders
XRD powder patterns were recorded by using a PANalytical X'pert Pro diffractometer (BraggBrentano geometry, Cu Kα 1 ,α 2 (λ = 1.5418 Å) equipped with a PIXcel 1D detector). Data were collected in the 5-120° 2θ range with an overall collection time of 2h. Data Collector and HighScore Plus software were used, respectively, for recording and analyzing the patterns. For each sample, the average crystallites sizes were estimated from the whole diffraction pattern (5°<2θ<120°) using FullProf Suite software and based on the Scherrer equation [14] :
with t the average crystallite size and β the integral width. Nitrogen and oxygen contents were determined with a LECO TC-600 Analyzer using the inert gas fusion method in which nitrogen and oxygen contents were measured by thermal conductivity and infrared analyses, respectively.
Diffuse reflectance (DR) spectra were collected using a Varian Cary 100 Scan spectrometer equipped with a Varian WinUV software and the integrating sphere Labsphere (DRC-CA-30I).
Experimental data were collected within the 250-800 nm range with a 1 nm step. The band-gap 5 of the materials (Eg) were calculated using the Kubelka-Munk formalism [15] . Thermal stability of the ZnO 2 was determined from thermogravimetric and differential thermal analyses (TGA/TDA) conducted in air at 2°C/min and performed with a TA instruments SDT 2960. The overall accuracy of this instrument is expected to be within ± 2•C. Density measurements on ZnO:N powders were carried out with a Micromeretics AccuPyc 1330. XPS analyses were performed on a Kratos Axis NOVA spectrometer. Spectra were collected using Al K monochromatic radiation (hv = 1486.6 eV) on a ∼ 300×700 μm area at a pass energy of 160 eV.
All spectra were calibrated in energy using C 1s = 284.7 eV as reference.
Thin films
XRD patterns were recorded by grazing incidence X-ray diffraction (GIXRD) in order to limit the substrate contribution using a Rigaku SMARTLAB apparatus equipped by D/TeX Ultra 250 detector and Cu radiation with - configuration. Data were collected in the 10-60° 2θ range with a step of 0.02 and a speed of 1°/min. Transmittance UV-Vis spectra were collected using a Perkin Elmer Lambda 35 UV-Vis spectrometer in the 200-700 nm range with a 1 nm step. The film surface and cross-section observations (for thickness determination) were conducted using a JEOL 6301F scanning electron microscope.
Results and discussion
Several theoretical studies [16] [17] [18] have pointed out that both nitrogen doping and metal vacancies may stabilize shallow acceptors levels above the valence band in ZnO, thus triggering the stabilization of a p-type conductivity. As reported in a recent work on the decomposition of ZnO 2 to prepare Zn-deficient ZnO, the nanostructuration of ZnO appears to be essential to control the metal vacancies in ZnO particles [11] . Starting from a colloidal ZnO solution, we have 6 modified the ZnO 2 approach in order to have a better control of the nanostructuration of ZnO:N nanoparticles and thin films, i.e. a better control of the particle size and the size distribution. It is interesting to note that preliminary investigations on the reactivity towards ammonia at 300°C of ZnO nanoparticles issued from the colloidal process was very poor. Slightly brown materials were obtained due to the insertion of very low amount of nitrogen. This prompts us to take benefit of the strong reactivity of ZnO 2 towards ammonia at low temperature to prepared N:ZnO films.
ZnO:N nanoparticles
The XRD pattern of powders ( Fig. 2 ) prepared from colloidal route indicates the formation of ZnO nanoparticles with the wurtzite structure-type (JCPDS file 01-079-0206). Interestingly, no acetate derivative zinc hydroxide double salts were observed as impurities at low angle [19] . The thermal behavior of ZnO 2 powder was studied by TGA/DTA analyses (Fig. 3 ). The TGA curve shows three different weight losses. The first one, below 200 °C, is due to the elimination of adsorbed water at the surface. ZnO 2 shows an intensive weight loss (14.5%) around 200°C 7 corresponding to the decomposition of ZnO 2 into ZnO with metal vacancies (Zn 1-x O). This phenomenon is well known to be highly exothermic [20, 21] , as the DTA curve also shows in Oxygen and nitrogen contents were determined for the ZnO, ZnO 2 and ZnO:N nanoparticles.
They are listed in Table 1 . ZnO sample presents a high oxygen content compared to the theory (19.6 wt %) which can be partially due to adsorbed water or acetate molecules at the surface of the ZnO nanoparticles [22] [23] [24] . Such large oxygen content in metal oxides nanoparticles is not surprising as the nanoscale will strongly affect the stoichiometry of the nanoparticles compared to 8 the corresponding bulk material. For such small particles (~ 5nm), the contribution of the surface over the "bulk" of the particle is quite large and can lead indeed to large oxygen/metal non stoichiometry due to passivation/hydroxylation of surface metal sites [11] . As shown in Figure 5 , N1s XPS analysis on the as-prepared ZnO nanoparticles reveals the presence of residual nitrogen atoms (0.4 wt %) that likely originates from TMAOH used during the synthesis, the N1s peak at 402.9 eV being ascribed to (CH 3 ) 4 N + species [25] . After conversion, ZnO 2 nanoparticles present an oxygen content close to the theory (32.8 wt %) and a very low nitrogen content that indicates the good purity of the materials with elimination of the nitrogen containing impurities. At last, the oxygen content measured in ZnO:N sample around 21 wt % suggests the presence of zinc vacancies in the material in good agreement with the DTA/TGA and density analyses as well as with previously reported works [10, 18] . The increase of the nitrogen content in ZnO:N sample at 0.5 wt % confirms the effective insertion of nitrogen in the compound along with the slight orange/brown coloration and UV-Vis results [23, 24] . Moreover, XPS spectrum of the nitrided sample exhibits a N1s peak at 399.6 eV that could be attributed to NH x species at the surface of the nanoparticules [26] .
Thin films
We have studied the transposition of the results obtained on powders to the elaboration of thin films by dip-coating from the same starting colloidal solution. GIXRD patterns of the different thin films are shown in Figure 6 . The different diffraction peaks for the ZnO film, in the 10-60° 2θ range, can be indexed in the wurtzite structure type (JCPDS file 01-079-0206). The broad peak around 15-25° comes the SiO 2 substrate. After H 2 O 2 treatment, the film presents two main peaks around 32 and 37° (111) and (200), respectively and a smaller one around 53° ((220) peak).
These peaks unambiguously correspond to ZnO 2 with the pyrite structure and confirm that ZnO 9 films were successfully converted into zinc peroxide. These results are also in good agreement with those obtained for powders (Fig. 2) . SEM images of the thin films show that the ZnO film consists of a dense and homogeneous film with a thickness around 200 nm (Fig. 7A) . The SEM images are in agreement with the broad profile of the diffraction peaks suggesting the small size of the ZnO particles. ZnO nanoparticles of less than 10 nm size agglomerate to form, after annealing at 150°C, aggregates with a size around 50 nm. As illustrated in Figure 7B , after conversion in H 2 O 2 solution, the surface of the film appears less dense with an increase of the particles sizes. Moreover, Figure 7B shows an increase of the thickness of the ZnO 2 film up to 250 nm. The increase of the thickness is concomitant with the structural change of the film from wurtzite-type ZnO into pyrite-type ZnO 2 .
This suggests that the film can tolerate a phase conversion without destruction. In the same way, 10 the thickness of the ZnO:N nanocrystalline thin film decreases around 210 nm after nitridation at 250°C under NH 3 , and a slight densification of the layer is observed (Fig. 7C ). This is in agreement with the thermal decomposition of ZnO 2 into ZnO:N and support the formation of a ZnO:N thin film with metal vacancies by analogy with the results obtained on powders. It is worth pointing out that the highly exothermic decomposition of ZnO 2 which is associated with an important in-situ release of oxygen gas, do not degrade the quality of the ZnO:N film during the ammonolysis step at 250°C.
UV-Vis transmittance analyses carried out on the thin films ( ZnO 2 between powders and thin films samples. All the transmittance curves present a transmittance higher than 80 % and fringes above the absorption limit, due to the interference of the reflection of the light on transparent substrate and film surfaces. This phenomenon depends on the refractive indexes and the thickness of the film [27] . The higher the thickness, the stronger the oscillations. Figure 9 shows the XPS spectra of N 1s for both ZnO and ZnO:N thin films. The N 1s spectrum of ZnO film dip-coated from the colloidal solution and annealed at 150°C
indicates some residual TMAOH species (peak at 402.8 eV [25] ) as observed for the powder sample. In addition to the orange coloration observed for the ZnO:N thin film, the N1s peak at 11 399.2 eV confirms the nitrogen insertion in the film after nitridation as it can be attributed to NH x species [26] .
Conclusion
In summary, ZnO:N powders with zinc vacancies were synthesized following a colloidal route and nitridation process at low temperature. These results were successfully transposed to the realization of ZnO:N nanocrystalline thin films by dip-coating from a colloidal solution on SiO 2
substrates. ZnO film was converted into ZnO 2 using a H 2 O 2 solution in order to obtain, after a nitridation step at 250°C under NH 3 , a slightly orange ZnO:N transparent thin film. The resulting film presented a dense and homogeneous surface with a regular thickness around 200 nm. The supposed presence of Zn vacancies coupled with nitrogen insertion in the ZnO thin film is the key to access stable p-type conductivity for future p-n ZnO homojunction. 
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